Abstract: MIMO has been recognized as a promising way to provide high speed data transmission. However, since the number of pilot symbols is proportionally depending on the number of transmit antenna, the total transmission rate of MIMO would be degraded. To solve this problem, the channel estimation method using virtual pilot signal (VPS) with a few pilot signals has been proposed. However, since the conventional method identifies the channel state information (CSI) iteratively, the complexity is a seriously considerable work. Previously, we have proposed the time-frequency interferometry (TFI)-OFDM to achieve a superior BER performance with a small number of pilot symbols without any iterative channel estimation. However, the TFI method is still needed a large number of pilot signals. To mitigate the problem of the TFI method, in this paper, we propose a novel channel compensation method based on VPS and TFI for MIMO without increasing the system complexity. The proposed method has a low complexity with improving BER performance to compare with the conventional method. From the simulation results, the proposed method can achieve the improved BER performance of 1.5dB gain compared with the conventional method for 4 × 4 and 8 × 8 MIMO systems.
Introduction
With the spread of the internet, wireless communications have become an indispensable part of our life. Therefore, the 4th generation mobile communication systems (4G) such as Long Term EvolutionAdvanced (LTE-Advanced) [1] and Worldwide Interoperability for Microwave Access 2 (WiMAX2) [2] have been widely used in Japan. However, since the communication frequency bands are limited as an available spectrum in recent years, it is necessary to increase the efficiency of the frequency band utilization. To solve this problem, the usage of high frequency band is widely studied for implementation of the 5th generation mobile communication systems (5G) [3] . Moreover, the service coverage of a base station would be narrow since the propagation loss of higher frequency is larger. Therefore, massive MIMO has been widely investigated [4] . Recently, wireless LAN is serviced with 8 × 8 MIMO. Moreover massive MIMO systems would be used about 100 antennas [5] . When we consider the higher frequency band, the wavelength is to be shorter. Thus, we can easily manufacture the transmitter with a large number of antenna elements. In other words, the system can provide high speed data transmission with increasing the number of transmit antennas. However, the number of pilot symbols is proportionally depending on the number of transmit antennas. The role of pilot symbols is to calculate the channel response vector and to compensate the faded received packet. Thus the pilot symbol does not carry any information. Therefore the total transmission rate of massive MIMO would be degraded with increasing the number of pilots symbols. To solve these problems, the channel estimation method based on virtual pilot signal (VPS) has been proposed [6, 7] . However, since the conventional VPS based method can identify the channel state information (CSI) with an iterative detection, the complexity is still considerable work.
To mitigate the complexity and to improve the channel identification property, a cyclic delay pilot method has been proposed for SC-MIMO [8] . However, in this method, the pilot signals from the different transmit antenna are assigned on the different time slot. Therefore, it is possible to identify the channel state information. However, since the pilot signals are assigned on the different time slot, the channel identify property is highly depended on the time synchronization. Virtual oversampling method is also proposed [9] . This method can identify the CSI on the time domain with virtual oversampling to deal with the fractional delay without increasing the signal bandwidth. However, when the path delay is rapidly changed, the estimation accuracy is also rapidly degraded. To mitigate the above-mentioned problems, in this paper, we propose a novel channel estimation and compensation methods based on VPS and time-frequency interferometry (TFI) for MIMO-OFDM. This paper is organized as follows. Firstly, we describe the channel model, MIMO-OFDM system, and the conventional channel estimation with VPS in Section 2. The configuration of the proposed method based on VPS and TFI is described in Section 3. In Section 4, we show the computer simulation results. Finally, the conclusion is given in Section 5.
Conventional MIMO-ODFM with VPS method
In this section, we describe MIMO-ODFM systems with the conventional VPS method.
Channel model
We assume that a propagation channel consists of L discrete paths with different time delays. The impulse response between the mth transmit and the nth receive antenna h m,n (τ, t) is represented as
where h m,n,l and τ m,n,l are the complex channel gain and the time delay of the lth propagation path between the m-th transmit antenna and the n-th recieve antenna, respectively, and
where E| · | denotes the ensemble average operation. The channel transfer function H m,n (f, t) is the Fourier transform of h m,n (τ, t) and given by
MIMO-OFDM system
The time domain transmitted signal from the mth transmit antenna can be expressed in it's equivalent baseband representation as
where N s is the number of symbols, N c is the number of subcarriers, T s is the effective symbol length, S is the average transmission power, T is the OFDM symbol length, g(t) is the transmission pulse and d m (k, i) is the kth subcarrier of the ith modulated OFDM symbol. The received baseband signal for the nth received antenna r n (t) is given by
where M is the number of transmitted antennas and n n (t) is additive white Gaussian noise (AWGN) with a single-sided power spectral density of N 0 for the nth received antenna. After the fast Fourier transform (FFT) operation, the received signal r n (k, i) of the kth subcarrier and the ith data symbol for the nth received antenna can be written as
where n n (k, i) is AWGN with zero mean and a variance of
is the channel response of the kth subcarrier and the ith data symbol between the m-th transmit antenna and the n-th receive antenna. Typically, the received pilot signals in an appropriately chosen local window are used as Fig. 1 where R n is the pilot signal from the nth transmit antenna. The received pilot signals r p,n of the pth pilot signal and the nth received antenna in the local window are expressed as
where N p is the total number of received pilot signals within the window and P is the power of pilot signals. Vector form of Eq. (6) is 
where 
where
Iterative channel estimation based on VPS
In an OFDM, the channel response at a particular subcarrier frequency is not supposed to be totally different from its neighboring frequencies, and hence, they must have correlation which depends on the coherence bandwidth of the channel B c . Observing Eq. (8), the estimated channel responses are calculated from the discretely assigned pilot signals as shown in Fig. 1 and interpolation of them in frequency domain. However, depending on the maximum delay spread, the frequency interpolation is poorly operated due to the narrow coherence bandwidth of the channel [10] . Therefore, the accuracy of the channel estimation property would be degraded. Moreover, since the number of pilot symbol is proportionally depending on the number of transmit antennas, the total transmission rate of MIMO system would be degraded. Therefore, an iterative detection using VPS is necessary [6] . In the VPS method, the channel response is identified by using the received data signals. Here, we briefly describe the VPS method. In the receiver, the received signals are demodulated and decoded. By using the decoded data, we can make the replica signald m (k, i) with the multiplication of the estimated channel response, the encoded and modulated signals. With the received signals and the estimated channel multiplied replica signals, we can calculate the channel variance ΔH 1 m,n (k) of the first iteration as
where ΔH ξ m,n (k) is the channel variance of the ξ time iterations, N S is the number of symbols with the channel re-identification, andH m,n (k) is the estimated channel response. Therefore, the adjusted channel responseH 1 m,n (k) of the first iteration is given bȳ
With the ξ time iterations, the adjusted channel response can be obtained bȳ
To prevent the performance deterioration due to the fast channel variance, the following condition is also considered as
where ζ is the threshold as 0 ≤ ζ ≤ 1. The value is decided by using the computer simulation [7] . By using Eq. (12), the desired data is detected with an iterative detection.
Proposed schemes
Since the VPS based channel estimation method can identify the CSI with the iterative detection, the computational complexity is increased with increasing the number of iterations. Therefore, the complexity of the conventional method is a seriously considerable work. To reduce the system complexity of the conventional method, we propose the novel estimation and compensation methods with VPS and TFI. The proposed method used the roughly identified CSI from the VPS method without any iteration. Then, the proposed method is to estimate the accurate CSI with TFI method using the roughly identified CSI. Figure 2 shows the concept of carrier interferometry (CI). CI is a technique to generate a pulse wave by assigning the same amplitude and phase to all the subcarriers of OFDM. When the number of subcarrier is N c and complex amplitude vector is
T , the CI signal in the time domainS 0 is expressed as
where F is N c × N c discrete Fourier transform (DFT) matrix represented by
where w is multiplied to the kth subcarrier, complex amplitude vector S 2T g is the frequency domain is obtained as
As a result, the CI signal vectorS 2T g in the time domain is obtained as
Using the above mentioned property of CI, we have proposed TFI-OFDM previously [11] . In [11] , the transmitted pilot signal of the kth subcarrier is given by
After IFFT operation, the pilot signal of TFI-OFDM can multiplex the same impulse responses in twice on the time domain without overlapping to each other. By using TFI property, we propose the novel channel estimation and compensation schemes. TFI operators are given by
If we use the initially estimated CSI as Eq. (10), the CSI includes the noise and the estimation error. In this case, an iteration detection is necessary to improve the accuracy of CSI. However, the complexity is a serious problem. To improve the CSI accuracy with reducing the complexity, we propose the TFI based channel estimation method. By multiplying Eq. (10) and Eq. (18), we obtain the frequency channel response with frequency thinning method shown in Fig. 3 as 
where 18). From Eq. (18),
shows two impulses with time shift as δ(τ − 2T g ), and the output signals are equivalent to time domain multiplexed impulse responses as shown in Fig. 3 . By averaging of these impulse responses, we can reduce the noise power. Therefore, the impulse response of kth subcarrierH(k) is obtained bỹ
whereδ(τ − τ l ) is the averaged time impulse responses of δ(τ − τ l ) and
. Observing Eq. (21), we can obtain the improved CSI with reducing the noise power.
Computer simulation results
In this section, we show the simulated results of the proposed method and the conventional VPS with 4 × 4 MIMO and 8 × 8 MIMO. On the transmitter, the data stream is encoded. Here, the convolutional codes (rate R = 1/2, constrain length κ = 7) with interleaving are used. The coded bits are QPSK modulated, and then, the pilot and data signals are multiplexed. The transmitted signals are subject to broadband channel propagation. In this paper, we used the standard specification of Wi-Fi for simplicity. Therefore, we assume that OFDM symbol period is 10μs, guard interval is 2μs, and the 5 path Rayleigh fading with a path separation T path = 125ns and the maximum Doppler frequency is assumed to be 10Hz. We used the threshold in Eq. (12) as ζ = 0.8. The value of ζ = 0.8 is decided by using the computer simulation [7] . The simulation parameters are shown in Table I . The packet consists of N p = 2 pilot symbols and N d = 20 data symbols. Figure 4 shows the simulated Bit Error Rate (BER) performance for 4 × 4 MIMO with 1dB decayed multipath. From the simulation results, the performance of the conventional methods (coded VPS) achieved about 6 ∼ 8.5 dB gains compared with the interpolation based channel estimation method for the BER of 10 −5 . Since the replica signals of the VPS method are generated from the accurately decoded data using forward error correcting code (FEC), we can achieve more accurate CSI. The BER performance of the second and seventh iterations show about 1.5 and 2.5 dB better than that of the first iteration. This is because the secondly made replica signals are more accurate than the firstly made replica signals. On the other hand, the performance of proposed scheme achieves 1dB gains compared with the conventional method for the seventh iterations. It is clear that the proposed scheme can reduce noise and channel estimation errors without any iteration processing. Figure 5 shows the simulated BER performance for 8 × 8 MIMO with 1dB decayed multipath. Compared with 4 × 4 MIMO, all the results get worse BER performance. Therefore, the channel identification is poorly operated for 8 × 8 MIMO. Figures 6 and 7 show the simulated BER performance for 4 × 4 MIMO and 8 × 8 MIMO with 2dB decayed multipath. As you can see, the BER performance of all methods is improved compared to the 1dB decayed multipath. This is because the channel selectivity of 2dB decayed multipath is wider than that of 1dB decayed multipath. Therefore, the coherence bandwidth is also increased. In this case, the interpolation method and the conventional method achieve the same channel estimation accuracy. From this reason, the BER performance of all methods is improved. Figures 8 and 9 show the simulated MSE performance for 4×4 and 8×8 MIMO with 1dB decayed multipath. From the simulation results, the performance of the conventional VPS method achieves 0.8 ∼ 1.8 dB and 0.3 ∼ 0.6 dB gains compared to the interpolation method at the BER of 10 −5 . The performance of proposed scheme achieves 0.3dB and 1.5dB gains compared with the conventional VPS method with the second and Table II shows the required multiplication per packet. C is the modulation order. From the Table II , the total required multiplication of the conventional interpolation method, the conventional VPS (i = 1, 2, 7), and the proposed method are 2637824, 5316608, 7995392, 21389312 and 5322752, respectively. Therefore, the proposed method can reduce the complexity about 1.0, 1.5, 4.0 times compared with the conventional interpolation method, the conventional VPS (i = 1, 2, 7), respectively. Figure 12 shows the BER performance under the high frequency selective channel. From the simulation results, the interpolation method and the conventional VPS method are highly effected by the high frequency selective channel. In an OFDM, the channel response at a particular subcarrier frequency in not supposed to be totally different from its neighboring frequencies, and hence, they must have correlation which depends on the coherence bandwidth of the channel B c . The coherence bandwidth is inversely proportion to the = 0.4MHz ≈ 1.28Δf . As a result, about two subcarriers are faded coherently. From these reasons, the interpolation method and the conventional VPS method are highly effected by the high frequency selective channel. However, the proposed method can suppress the influence of the high frequency selective channel. This is because the proposed method is estimated the CSI with averaging the received impulse responses in the time domain.
Conclusion
In this paper, we have proposed the novel channel estimation and compensation method based on VPS and TFI to reduce the system complexity and improve the BER performance. The proposed method can improve the BER performance without any iterative detection. From the simulation results, it is shown that the proposed method achieves 1dB and 2dB gains compared with the conventional VPS method for 4×4 and 8×8 MIMO systems with 1dB decayed multipath at the BER of 10 −4 . Moreover, the proposed method achieves 1dB gains compared to the conventional VPS method for 4 × 4 and 8 × 8 MIMO systems with 2 dB decayed multipath at the BER of 10 −5 . 
